Osteogenesis imperfecta (OI) is the most common heritable bone fragility disorder, usually caused by dominant mutations in genes coding for collagen type I alpha chains, COL1A1 or COL1A2. Osteocalcin (OCN) is now recognized as a bone-derived regulator of insulin secretion and sensitivity and glucose homeostasis. Since OI is associated with increased rates of bone formation and resorption, we hypothesized that the levels of undercarboxylated OCN are increased in OI. The objective of this study was to determine changes in OCN and to elucidate the metabolic phenotype in the Col1a1 Jrt/+ mouse, a model of dominant OI caused by a Col1a1 mutation. Circulating levels of undercarboxylated OCN were higher in 4-week-old OI mice and normal by 8 weeks of age. Young OI animals exhibited a sex-dependent metabolic phenotype, including increased insulin levels in males, improved glucose tolerance in females, lower levels of random glucose and low adiposity in both sexes. The rates of O 2 consumption and CO 2 production, as well as energy expenditure assessed using indirect calorimetry were significantly increased in OI animals of both sexes, whereas respiratory exchange ratio was significantly higher in OI males only. Although OI mice have significant physical impairment that may contribute to metabolic differences, we specifically accounted for movement and compared OI and WT animals during the periods of similar activity levels. Taken together, our data strongly suggest that OI animals have alterations in whole body energy metabolism that are consistent with the action of undercarboxylated osteocalcin.
Introduction
Osteogenesis imperfecta (OI) is the most common heritable bone fragility disorder (prevalence 1:10,000), leading to recurrent fractures and bone deformities. Approximately, 85% of individuals with OI have dominant mutations in one of the two genes that code for collagen type I alpha chains, COL1A1 and COL1A2 (Forlino et al. 2011) . Our clinical studies have demonstrated that children with OI, including the mildest forms, have slow growth and 234:3 low muscle mass, which remain largely unexplained and untreated to date (Zeitlin et al. 2003 , Pouliot-Laforte et al. 2014 , Veilleux et al. 2015 , Palomo et al. 2016 .
Osteocalcin (OCN) is now recognized as a bone-derived regulator of glucose homeostasis (Fulzele & Clemens 2012 . It is produced by osteoblasts and deposited in bone matrix in a γ-carboxylated form (Ducy et al. 1996) . During bone resorption, osteoclasts release and partially decarboxylate OCN, generating an active undercarboxylated form (Ferron et al. 2010a , Lacombe et al. 2013 . OCN influences glucose metabolism through regulation of both insulin secretion and sensitivity (Lee et al. 2007 , Ferron et al. 2008 . OCN leads to decrease in adiposity and increase in adiponectin production by fat cells, also contributing to increased insulin sensitivity (Ferron et al. 2008) . In addition, it was recently demonstrated that OCN promotes adaptation to exercise by increasing glucose uptake and free fatty acid oxidation in muscle cells (Mera et al. 2016) . Bone histomorphometric studies have shown that children and adolescents with OI have increased rates of bone formation and resorption (Rauch et al. 2000 (Rauch et al. , 2010 . Similarly, several mouse models of OI, including Brtl, oim/oim and Col1a1 Jrt/+ , have elevated osteoclast numbers and bone resorption rates (Kalajzic et al. 2002 , Uveges et al. 2008 , Roschger et al. 2014 . Therefore, we hypothesized that the level of active, undercarboxylated, OCN is increased in OI, affecting energy metabolism, which may in turn contribute to growth and muscle deficits.
The goal of this study was to examine the OCNdriven endocrine disturbances in the Col1a1 Jrt/+ mouse model of OI (Chen et al. 2014) . In this model, a T to C transition at the exon 9 splice donor site of Col1a1 results in the skipping of exon 9, and an 18 amino acid deletion in the triple helical domain of the collagen type I alpha 1 chain. Col1a1 Jrt/+ mice are smaller in size and have lower bone mineral density, decreased bone volume/tissue volume, and weaker, more brittle bones than their wild type (WT) littermates (Chen et al. 2014 , Roschger et al. 2014 . The Col1a1 Jrt/+ mouse has spontaneous fractures and deformities (Kozloff et al. 2004 , Daley et al. 2010 , Chen et al. 2014 , Abdelaziz et al. 2015 , and has a more severe bone fragility phenotype than other OI models with dominant mutations, such as the Brtl mouse and the 'Amish mouse' (Kozloff et al. 2004 , Daley et al. 2010 .
This study focused on characterizing OCN levels, glucose and insulin homeostasis, metabolic parameters including energy expenditure (EE) as well as adipose tissue phenotype in Col1a1 Jrt/+ (OI) animals compared to WT. As OI is a developmental disease evident and treated in pediatric patients, we used young 4-week-old animals.
Materials and methods

Animals
All experiments were approved by the Animal Care Committee at the McGill University and conformed to the ethical guidelines of the Canadian Council on Animal Care. The Col1a1 Jrt/+ mice on a FVB background, developed by screening of N-ethyl-N-nitrosourea-induced mutagenesis (Chen et al. 2014 ) were a gift from Dr Jane Aubin's laboratory, University of Toronto. The breeding colony was maintained at the Animal Care Facility of the Shriners Hospitals for Children-Canada. Animals were on a 12-h alternating light and darkness cycle and had unrestricted access to water and food (Charles River rodent diet 5075, USA). Weekly, 4-12 weeks old animals were weighted and the measurements of body length (between nose and base of the tail) were taken using a ruler.
DXA analysis
It was performed in the Centre for Bone and Periodontal Research, McGill University, using a GE Lunar PIXImus in an area of imaging of 100 × 80 mm, with a focal spot of 0.25 × 0.25 mm, using energy of 80 kV and current of 400 µA.
EchoMRI
It was performed at the McGill Mouse Metabolic Platform on live animals using EchoMRI model version 11, 06, 22 (EchoMRI LLC) .
Microcomputed tomography (micro CT)
It was performed on right femurs of 4-week-old mice using Skyscan 1272 at a voxel size of 5 μm. Scan parameters included a 0.40-degree increment angle, 3 frames averaged, a 62 kV and 161-mA X-ray source with a 0.5-mm Al filter to reduce beam-hardening artifacts. Trabecular bone was manually selected along the inner cortical surface. Scans were quantified using the system's analysis software (Skyscan CTAnalyser, Version 1.16.1.0). To analyze cortical bone, scanning was performed starting 234:3 at a distance of 44% of the total femur length from the distal end and scanned for 1 mm proximally. Average outer bone diameter and average diameter of the bone marrow cavity were determined from cross-sectional areas assuming a circular bone cross-section. Cortical thickness was calculated as the difference of these two diameters divided by 2.
Three-point bending test
Following microCT scanning, right femora were loaded to failure in three-point bending using a Materials Testing System Model 5943 (INSTRON, Norwood, MA, USA). The distance between the lower supports was 7 mm with a vertical displacement rate of 50 μm/s. The anterior middiaphysis was loaded under tension and the tests were analyzed using the system's analysis software Bluehill (Illinois Tool Works Inc., Glenview, IL, USA; Version 3.65).
C-telopeptide of collagen type I (CTX)
CTX was quantified in serum samples of non-fasted animals by enzyme-linked immunosorbent assay (ELISA) (Ratlaps (CTX-I) EIA, Ref AC-06F1, Immunodiagnostic Systems).
Tissue analysis
Upon dissection, the weight of inguinal subcutaneous white fat pad, interscapular brown fat pad, liver, spleen and pancreas weights were assessed.
GLU, GLA13 and total mouse osteocalcin ELISA
GLU, GLA13 and total mouse osteocalcin ELISA were measured in non-fasted serum using a triple ELISA system as described previously (Ferron et al. 2010b) . Briefly, antibody coating buffer (CB1), ELISA wash buffer (WB1), general blocker buffer (BB1), general assay diluent (AD1) and stop solution for TMB (STOP1) were all obtained from ImmunoChemistry Technologies. 1-Step Ultra TMB ELISA substrate was from Pierce. ELISA plates (R&D system) were coated overnight at room temperature with affinity purified anti-GLU-OCN, anti-GLA13-OCN or anti-MID-OCN diluted in antibody coating buffer. Following 2 washes with wash buffer, the plate was blocked with 300 µL of general blocker buffer for 3-6 h at room temperature, blocking solution was removed, and the plate was used immediately. 95 µL of general assay diluent was added to each well, followed by 5 µL of blank standards (purified GLU-OCN or synthetic GLA-OCN) or diluted serum samples. Plate was sealed and incubated overnight at 4°C. Following 5 washes, 100 µL of HRP-conjugated anti-CT-OCN (1 µg/mL in general assay diluent) was added and the plate was incubated for 1 h at room temperature on a shaker (~200-300 rpm). After 5 washes, 100 µL of TMB substrate was added, the plate was incubated for 15 min at room temperature, then 100 µL of stop solution was added and the absorbance at 450 nm was read using a plate reader (Biorad). Concentrations of GLU-OCN, GLA13-OCN and total OCN in the samples were calculated from polynomial second order or exponential standard curve obtained from the standard included in each assay. GLU13 was calculated by subtracting GLA13 from total.
Glucose and insulin measurements
Glucose levels were measured in the whole blood using strips with the ONETOUCH Ultra2 glucometer (Johnson & Johnson). Insulin levels were measured in non-fasted serum using ELISA (Cristal Chem 90080, and Mercodia 10-1247-10). Prior to blood collection for fasting glucose levels and glucose tolerance test (GTT), the food was withdrawn for 5 h for 4-week-old animals and for 16 h for mice older than 6-weeks. Prior to insulin tolerance test (ITT), the food was withdrawn for 5 h. For GTT and ITT blood glucose was measured in samples from tail tip immediately before (time 0) and 15, 30, 60, 90, and 120 min after intraperitoneal injection of 2 g/kg glucose for GTT or 0.6 U/kg insulin for ITT.
Indirect calorimetry
Indirect calorimetry was performed at the McGill Mouse Metabolic Platform. The animals were housed in the LabMaster/PhenoMaster system (TSE Systems, Germany), which allows to measure the following outcomes in 16 parallel cages: (1) Locomotor activity via sensor frames based on infrared beam breaking; (2) Amount and temporal pattern for food and water intake; (3) O 2 consumption (VO 2 ) and CO 2 production (VCO 2 ) via indirect calorimetry; and (4) Calculated EE and substrate utilization from the assessment of VO 2 and VCO 2 .
RNA isolation, qRT PCR
Total RNA was isolated from bone with the RNeasyMini Kit (Qiagen Inc.:74106). RNA and cDNA concentration were quantified with the Quant-iTTM instrument 234:3 (Invitrogen: Q32860). Reverse transcription of 0.75 ng RNA was performed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific). Real-time PCR was performed using a 7500 Applied Biosystems Instrument, the Wisent Advance qPCR master mix with Supergreen dye (800-431-UL, Wisent, St-Bruno, QC, Canada) and the following primers were used: Bglap1/2 Fwd (CAGACAAGTCCCACACAGCA), Bglap1/2 Rv (CTTGGCATCTGTGAGGTCAG). Gapdh Fwd (CAAGTATGATGACATCAAGAA) and Gapdh Rv (GGAAGAGTGGGAGTTGCTGT) were used as the endogenous control.
Cluster analysis
From the indirect calorimetry data, we used locomotor activity and amount of food and water intake to identify groups of observations that are similar to each other using clustering with the Ward's method (Ward 1963) . First, we used data from 16 mice containing both sexes and genotypes to identify the number of clusters within the dataset. Next, classification analysis was developed to assign an observation period to one of a known number (k) of predefined clusters. where y j , S j and p j are the sample mean, covariance matrix and proportion of the jth cluster, respectively. Then, the classification rule assigns the observation period to the cluster j for which Qj(y) is the largest. Cluster analysis was performed in Rstudio version 0.99.489.
Statistical analysis
Data are expressed as means ± s.e.m., with n indicating number of animals, P < 0.05 was considered statistically significant. Two-way ANOVA was used for comparing the effect of genotype over time. Student t-test was used to compare between two groups at a single time point. Threeway ANOVA was used to examine sexual dimorphism. Statistical analyses were performed using MATLAB (The MathWorks Inc.).
Results
Previously, the Col1a1 Jrt/+ mouse model was studied at 8-24 weeks of age, which corresponds to the young adult stage in human development (Chen et al. 2014 , Roschger et al. 2014 , Abdelaziz et al. 2015 . We now analyzed the bone phenotype in 4-week-old OI mice, Average maximal load (E) and energy until failure (F) for WT and OI femora assessed using three-point bending method, n = 4 male animals/ genotype. Data are means ± s.e.m., significance was examined by two-way ANOVA with Bonferroni post-test for A, B, and by Student t-test for D, E and F. *P < 0.05, **P < 0.01, ***P < 0.001 for the effect of genotype for the same age/sex.
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which is similar to the pre-pubertal stage in human development (Fig. 1) . Both male and female OI animals present significant deficits in weight (Fig. 1A ) and linear growth (Fig. 1B) . Similar to older animals (Chen et al. 2014) , young OI mice have significant reduction in bone density ( Fig. 1C and D) . Bone structural properties were 
significantly compromised in OI mice as evident in threepoint bending testing, which demonstrated significant reduction in maximal load, and energy until failure in young OI mice ( Fig. 1E and F) . We hypothesized that in OI active bone resorption results in release of undercarboxylated active OCN. Bone formation marker P1NP was similar in 4-week-old OI and WT mice, but the bone resorption marker CTX was significantly higher in OI animals ( Fig. 2A and B) . The magnitude of the CTX increase was highest in 4-weekold OI mice. In older mice, CTX remained elevated in OI mice, but to a lesser extent (Fig. 2B) . Although expression of the OCN genes, Bgla1/2, was similar or low in OI mice (Fig. 2C) , the circulating levels of total, carboxylated and undercarboxylated OCN were significantly higher in 4-week-old OI mice compared to their WT littermates ( Fig. 2D and E) . Importantly, OCN was increased only in young, actively growing animals, whereas OCN levels were similar in OI and WT animals aged 8 weeks (Fig. 2F) .
We next examined if increased levels of undercarboxylated OCN are associated with changes in glucose metabolism in OI (Fig. 3) . Fasting glucose levels were similar in 4-and 8-week-old OI and WT mice (Fig. 3A) , however random glucose levels were significantly lower in 4-week-old male OI animals and 8-week-old female OI animals (Fig. 3B) . Insulin levels were significantly higher in 4-weeks-old male OI mice, but not significantly different in 8-week-old animals (Fig. 3C) . The glycemic excursion during the GTT was significantly smaller in female, but not in 4-week-old OI male mice compared to WT (Fig. 3D) , resulting in a significantly lower area under the GTT curve (Fig. 3E) . Insulin sensitivity, as assessed by ITT, was similar in 4-week-old OI and WT mice (Fig. 3F) . GTT and ITT kinetics were comparable in 8-week-old OI and WT mice (Fig. 3G, H and I) .
Indirect calorimetry was used to examine EE and substrate utilization through the assessment of O 2 consumption (VO 2 ) and CO 2 production (VCO 2 ). In addition, we analyzed locomotor activity via sensor frames based on infrared beam breaking as well as food and water intake. Consistent with disease-associated physical impairment, OI animals moved significantly less that WT (Fig. 4A ). In addition, 4-week-old OI and WT animals did not differ in food consumption (Fig. 4B ) and consumed significantly more water (Fig. 4C) per lean mass compared to WT. To account for a decreased mobility in OI, we performed a cluster analysis using Ward's method, and developed a classification algorithm for all data points for . Average food (B) and water (C) intake per day, normalized to lean body weight. Data are means ± s.e.m., n = 3-6, *P < 0.05 for the effect of genotype by Student t-test. (D, E and F) Classification examples for separating 120 1-h data points for individual 4 weeks old male and female OI and WT mice into 4 clusters combining observation periods during which animals engage in similar movement in XY plane (D) and Z-plane (E), as well as food intake (F). In the box-plots, the limits of the box indicate the 25th (Q1) and 75th (Q3) percentiles, thick line indicates sample median, the lower whisker is positioned at Q Q Q 1 1.5 ( 3 1 − − ) and upper whisker is at Q Q Q 3 1.5 ( 3 1 + − ) .
individual animals to identify time periods in which OI and WT mice exhibited similar mobility and food intake. Four clusters were evident ( Fig. 4D and F) . Periods with the lowest and moderate mobility levels were present in all animals, whereas high mobility was only evident in WT animals, and only female WT mice exhibited the highest mobility. The movement and food intake during the activity periods in clusters 1 (low mobility) and 2 (moderate mobility) were comparable between OI and WT animals, and were used for further analysis. At 4 weeks of age, both male and female OI animals consumed more O 2 and produced more CO 2 per body weight compared to WT during the low and moderate movement periods (Fig. 5A and B) . Respiratory exchange rate (RER, the ratio of VCO 2 to VO 2 ), which indicates predominant fuel source: at RER of 0.70 predominate source is fat, while at RER of 1 energy comes from carbohydrates. For both sexes/genotypes RER was lower at low activity and increased during the moderate activity period. Male OI animals had significantly higher RER than WT, whereas female OI and WT animals had similar RER (Fig. 5C) . EE calculated based on the respiratory rates was higher in OI mice of both sexes compared to WT (Fig. 5D ). At 8 weeks of age, only female OI animals maintained increased VO 2 (Fig. 5E ), VCO 2 (Fig. 5F ) and EE (Fig. 5H) .
Examination of body composition by EchoMRI demonstrated significantly decreased adiposity of Figure 5 Metabolic profile of OI mice. Animals were studied in TSE Systems metabolic cages. For each mouse, the measures for 1 h periods of low mobility (LOMO), corresponding to cluster 1 by classification analysis, and moderate mobility (MOMO) corresponding to cluster 2, were averaged. (A and E) VO 2 at 4 weeks (A) and 8
weeks (E). (B and F) VCO 2 at 4 weeks (B) and 8 weeks (F). (C and G) RER at 4 weeks (C) and 8 weeks (G). (D and H) EE at 4 weeks (D) and 8 weeks (H).
Data are means ± s.e.m., for VO 2 , VCO 2 and EE normalized to weight, n = 4-7 animals, *P < 0.05; **P < 0.01 indicate effect of genotype for the same sex by Student t-test.
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4-week-old male and female OI animals (Fig. 6A) . Similarly, DXA revealed reduced proportion of fat tissue in OI (Fig. 6B) . Consistent with EchoMRI and DXA, inguinal subcutaneous deposits of white adipose tissue (WAT) were significantly lower in 4-week-old OI mice, whereas relative weight of brown adipose tissue (BAT), spleen and liver were similar in OI and WT mice (Fig. 6C) .
Three-way ANOVA, where the first factor was sex, the second factor was genotype and the third factor was age, revealed that while among anatomical parameters only weight was significantly affected by sex and demonstrated significant interactions between sex and genotype, almost all the parameters of glucose homeostasis were significantly affected by sex, including fasting and random glucose levels, GTT, VO 2 and EE.
Discussion
In this study, we have found that OI animals have a metabolic phenotype, which is age-and sex-dependent. OCN was found to be higher at 4 weeks of age, which corresponds to pre-pubertal growth in humans, and to normalize by 8 weeks of age. Consistent with known effects of OCN, we observed increase in insulin levels in OI males, and improved glucose tolerance in OI females, lower levels of random glucose and a significant decrease in adiposity in OI compared to WT. We have found that rates of O 2 consumption and CO 2 production, as well as EE were significantly increased in OI animals of both sexes, whereas RER was significantly increased in OI males only. It is important to note that while significant physical impairment is present in OI mice and may potentially contribute to metabolic differences, we specifically accounted for movement and compared OI and WT animals during the periods when they exhibited similar levels of activity. Taken together, our data suggest that alterations in whole body energy metabolism may contribute to OI pathophysiology.
The first question raised by these finding is how does mutation in collagen type I leads to changes in energy utilization and expenditure. Collagen type I mutation is known to lead to increase in osteoblast activity both in humans and in animal models (Kalajzic et al. 2002 , Li et al. 2010 , Chen et al. 2014 . Moreover, it has been long observed that osteoclastic bone resorption is also significantly increased in OI children and animals (Uveges et al. 2008 , Cheung et al. 2009 , Roschger et al. 2014 . Increase in RANKL/OPG ratio may underlie increased osteoclastogenesis in OI, as it has been shown that RANKL is increased in oim osteoblasts (Li et al. 2010) and in children with OI (Brunetti et al. 2016) . However, in 
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another mouse model of OI, Brtl, RANKL/OPG ratio was reported to be normal, even though the absolute levels of RANKL and OPG were increased (Uveges et al. 2008) . It has been shown that the production of Glu13-OCN, a hormonally active form of OCN, requires osteoclastic activity (Ferron et al. 2010a , Lacombe et al. 2013 . Consistently, we demonstrate that circulating Glu13-OCN levels, but not Bgla1/2 gene expression, are increased in OI animals. Of interest, increased circulating levels of OCN were previously shown in Brtl /+ mouse model (Sinder et al. 2015) and in children with OI, in particular with OI type 3, 4 (Brunetti et al. 2016) . Although only total OCN levels were measured in those studies, we now demonstrate that in Col1a1 Jrt/+ animals the increase in hormonally active Glu-13-OCN was accompanied by a proportional increase in total and carboxylated OCN. We also demonstrate that both the osteoclast resorption marker CTX and the level of circulating OCN decrease with age in OI mice. Thus, we suggest that collagen type I mutation leads to an increase in production of OCN by osteoblasts, as well as an increase in OCN activation by stimulated osteoclasts, consequently resulting in higher levels of circulating undercarboxylated OCN.
We describe significant alterations in energy homeostasis in OI mice compared to WT, including lower glucose levels, higher insulin levels in males and improved glucose tolerance in females, increase in oxygen consumption and CO 2 production, higher EE and lower adiposity. These changes are consistent with known effects of elevated undercarboxylated OCN. OCN has been demonstrated to influence glucose metabolism through regulation of insulin: Ocn −/− mice have increased random glucose and decreased insulin circulating levels and are glucose intolerant compared to WT (Lee et al. 2007) , whereas injection of OCN in male WT mice reduced blood random glucose and increased insulin secretion and improved glucose tolerance (Ferron et al. 2008) . Decrease in OCN was shown to be associated with decrease in VO 2 and VCO 2 as well as EE (Ferron et al. 2010a) , whereas OCN increase resulted in increased EE . OCN decreases adiposity and increases adiponectin production in white fat cells (Ferron et al. 2008) . Age-dependent changes in energy homeostasis are also consistent with changes in uOCN levels. In young male or female OI mice uOCN was increased and multiple measures of glucose/ insulin and VO 2 /VCO 2 metabolism were affected. In older animals, OCN normalized and the metabolic indices became similar in OI and WT mice. Taken together, our data are consistent with the hypothesis that the increase in undercarboxylated OCN underlies the observed changes in whole body energy homeostasis in OI mice.
A similar metabolic phenotype may be present in humans with OI. A study on 30 children with OI found elevated body temperature, heart and respiratory rates, rate of oxygen consumption as well as heat production (Cropp & Myers 1972) . This was most evident in toddlers and pre-pubertal children, but not in adolescents and young adults (Cropp & Myers 1972) . It has also been noted that children with OI can have excessive sweating (potentially reflecting high EE) that diminishes after treatment with the anti-resorptive drug pamidronate (Glorieux et al. 1998 , Åström & Söderhäll 2002 . Changes in body weight with age in OI patients demonstrate that in young children with OI it is common to observe low body weight for height, so that many OI children shorter than 110 cm, or younger than 9-10 years are underweight (Aglan et al. 2012 , Germain-Lee et al. 2016 , Graff & Syczewska 2017 . However, after puberty and especially in adult patients, the trend is reversed with majority of OI patients presenting with normal to high weight for their height, and increasing numbers of overweight and obese patients (Watanabe et al. 2007 , Chagas et al. 2012 , Germain-Lee et al. 2016 . Pamidronate treatment can also be associated with weight gain in some boys with OI (Zeitlin et al. 2003) . Our mouse study suggests that OCN may be an important mediator of these changes. In humans, increased OCN levels correlate with improved glucose tolerance and insulin secretion and protect from obesity and metabolic syndrome (Pittas et al. 2009 , Saleem et al. 2010 . Thus, more studies are clearly needed to fully investigate the extent and consequences of heightened metabolic state in OI children.
It is important to note that there is a profound lack of baseline data on metabolic parameters in young animals. In fact, from ~ 400 Medline results for a query on the use of indirect calorimetry in mouse studies only 5 reports included 6 weeks old or younger mice. Moreover, we have found that changes in metabolism in OI animals occur in a sex-specific manner. Understanding the differences related to biological sex is critically important for the development of personalize therapeutic strategies. Although sexual dimorphism has been identified in OI patients (Zeitlin et al. 2003) , and glucose homeostasis is well known for its substantial differences in males and females (Glucksmann 1974) , only 7 from 313 OI animal model studies queried on Medline directly examined sexual dimorphism, and only 3 of 5 reports examining metabolic changes in young mice included both sexes in the study. This study advances our understanding of ageand sex-specific differences in mammalian metabolism, which is critical for development of pre-clinical animal models. Better understanding of age-and sex-specific changes in whole body energy homeostasis in children with OI will eventually help to address an unmet need of young OI patients, slow growth and low muscle mass, which are currently poorly understood and untreated.
In conclusion, our study suggests a novel contributor to the pathophysiology of OI-change in the metabolic state due to elevated levels of undercarboxylated OCN. We demonstrate that metabolic phenotype was most significant in young OI animals, corresponding to prepubertal growth in humans, and exhibited significant sexual dimorphism. Understanding the contribution of bone-driven systemic endocrine changes to functional performance of musculoskeletal system in OI will allow in developing the strategies to improve growth and muscle physiology in OI patients.
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